*Botrytis cinerea* is a major phytopathogenic and necrotrophic fungus that causes the gray mold disease ([@b14-ppj-35-425]). The fungus has been reported to infect more than 200 crop species worldwide, such as grapes, stone fruit, berries, and vegetables, and the losses in yield before and after harvest are extensive ([@b51-ppj-35-425]). *B. cinerea* is not host-specific, and its virulence varies in different plant hosts ([@b9-ppj-35-425]; [@b31-ppj-35-425]). Because it has a broad host spectrum and causes significant economic losses, *B. cinerea* has been considered as the second most important fungal pathogen worldwide ([@b8-ppj-35-425]).

In particular, postharvest losses due to fungal infections are more important for highly perishable fresh fruit than for field crops. Generally, postharvest losses are attributed to pathological decomposition due to fungal and bacterial infections; pathophysiological damage during storage due to excessive cooling or lighting or abnormalities in the atmospheric gaseous components; and physical damage, such as mechanical damage ([@b45-ppj-35-425]).

Synthetic fungicides are commonly used to protect crops, especially fruit, in the postharvest period. However, effective and safe non-fungicides are urgently required to control postharvest pathogens because synthetic fungicide residues are toxic to humans and the environment ([@b7-ppj-35-425]; [@b12-ppj-35-425]; [@b47-ppj-35-425]). Therefore, researchers worldwide are trying to develop safe, natural, and biodegradable alternatives to replace synthetic fungicides ([@b19-ppj-35-425]; [@b33-ppj-35-425]).

Previous studies have confirmed the efficacy of biocontrol agents against several postharvest phytopathogenic fungi, such as species that belong to the genera *Botrytis*, *Penicillium*, and *Monilinia* ([@b2-ppj-35-425]; [@b30-ppj-35-425]; [@b37-ppj-35-425]; [@b38-ppj-35-425]). Species that belong to the genus *Bacillus* can form endospores, which ensures the feasibility of commercial products with low storage requirements but a long shelf life ([@b39-ppj-35-425]). Thus, *Bacillus* strains can colonize the surface or wounds of postharvest fruit and produce broad-spectrum antibiotics that suppress a variety of plant pathogens ([@b48-ppj-35-425]). *Bacillus subtilis* V26 displays high antifungal activity against several fungi, including *B. cinerea*, and has powerful chitosanase activity ([@b24-ppj-35-425]). *Bacillus atrophaeus* CAB-1 displays high inhibitory activity against various fungal pathogens and suppresses cucumber powdery mildew and tomato gray mold. All the compounds extracted from CAB-1 (*e.g*., C15--C17 fengycin A, a protein, and volatile compounds) also effectively prevented the occurrence of the cucumber powdery mildew caused by *Sphaerotheca fuliginea* under greenhouse conditions ([@b60-ppj-35-425]). *Bacillus cereus* S42 screened from *Nicotiana glauca* plants native to the Tunisian Centre-East demonstrated a strong ability to suppress tomato Fusarium wilt caused by *Fusarium oxysporum* f. sp. *lycopersici* and showed proteolytic and chitinolytic activities ([@b1-ppj-35-425]).

In this study, we have reported the efficacy of four antagonists or their culture filtrates in controlling the gray mold caused by *B. cinerea* on postharvest fruit and discussed their ability to colonize the wounds on the fruit and synthesize antifungal metabolites.

Materials and Methods
=====================

Growth of bacterial isolates and production of culture filtrates
----------------------------------------------------------------

Bacterial isolate RS-25 from jujube fruit, MG-4 from strawberry fruit, Z-14 from wheat rhizosphere soil and Pnf-4 from wheat plant significantly inhibited the growth of various phytopathogenic fungi and were maintained at 4°C on streak-inoculating nutritive agar (NA) slants ([@b58-ppj-35-425], [@b59-ppj-35-425]). The strains were cultured overnight at 37°C on NA slants, transferred to Erlenmeyer flasks containing 50 ml of the seed culture medium, and shaken at 220 rpm for 48 h at 37°C. The vegetative cells and supernatant were obtained after centrifugation at 10,000 ×*g* for 15 min. The cells were suspended in sterile distilled water (SDW) and adjusted to the appropriate concentration (1 × 10^8^ cells/ml), and the supernatant was filtered through a 0.22-μm syringe to obtain the culture filtrate.

Antifungal activities of the *Bacillus* isolates and their culture filtrates against *B. cinerea*
-------------------------------------------------------------------------------------------------

Using the dual-culture in vitro assay described by [@b24-ppj-35-425], the antifungal activities of the four isolates against *B. cinerea* were evaluated. A single 5-mm-diameter mycelial disc of the test fungus was placed at the center of potato dextrose agar (PDA) plates. The samples were treated with the bacterial isolates at four symmetrical sites, a distance of 3 cm from the center of the plate, and then allowed to grow for 5 days at 27°C in darkness. The antifungal activity of the culture filtrate was measured using a diffusion plate assay modified from that described by [@b40-ppj-35-425]. Four evenly spaced wells (7 mm in diameter) were made 2.5 cm from the center of PDA plates containing 40 μg/ml of streptomycin sulfate. A plug of *B. cinerea* was placed at the center of the plate, and an aliquot (50 μl) of the filtrate or sterile water (control) was added to each well. The plates were incubated at 27°C, and the inhibition zones were measured after clear halos became visible.

Extraction of lipopeptides produced by the antagonists
------------------------------------------------------

HCl (6 M) was used to lower the pH of the culture filtrates of the four antagonistic bacteria to 2. The filtrates were maintained overnight at 4°C and centrifuged to isolate the precipitate, which was then washed twice using diluted HCl (pH 2) and extracted twice using methanol ([@b59-ppj-35-425]). The extract was dried using a rotary vacuum evaporator and resuspended in an equivalent volume of sterile water to detect the biocontrol effects of the extract in controlling the gray mold caused by *B. cinerea* on postharvest fruit.

Efficacy of the antagonists and their culture filtrate and extracts in controlling the gray mold caused by *B. cinerea* on postharvest fruit
--------------------------------------------------------------------------------------------------------------------------------------------

To evaluate the efficiency of the four antagonist bacteria, RS-25, MG-4, Z-14, and Pnf-4, and their culture filtrates and extracts in controlling the gray mold on the postharvest fruit of tomato, strawberry, and grape, the *in vivo* assay reported by [@b35-ppj-35-425] and [@b37-ppj-35-425] was used with slight modifications. Tomato (*Lycopersicon esculentum* Mill. 'Qianxi'), strawberry (*Fragaria* × *ananassa* Duch. 'Shuangliu'), and grape (*Vitis vinifera* L. 'Red Globe') fruit were obtained from commercial orchards in Baoding, China. In this study, the tomato, strawberry, and grapefruit did not receive any preharvest fungicide treatment, and only healthy and homogenous fruit were selected. Before treatment and inoculation, the fruits were washed with tap water, superficially disinfected for 1 min in 0.1% (v/v) sodium hypochlorite, rinsed with SDW, and air-dried at room temperature.

A sterilized needle was used to make artificial wounds (0.3 cm in depth × 0.5 cm in width) at equatorial areas of the fruit (2 wounds on each fruit). A drop (10 μl; 1 × 10^6^ conidia/ml) of *B. cinerea* was inoculated in each wound and air-dried for 2 h; then, another drop (10 μl; 1 × 10^8^ cells/ml) of each bacterium (culture filtrate or extract) was added to each wound. The fruits were placed in plastic packaging cartons (5 fruit/carton) and incubated at 25°C and 95% relative humidity for 5 days. Fruits treated with SDW and infected with the pathogen were used as the negative control. Three replicates of 5 fruit each were used per treatment (15 fruit/treatment), and the experiment was repeated thrice. The disease index (DI) and disease reduction (DR) of the gray mold were calculated according to the formulas published by [@b18-ppj-35-425]. The degree of disease severity due to inoculation with *B. cinerea* was calculated as follows: 0 = no lesion; 1 = a few scattered lesions covering \< 2% of the fruit surface; 2 = extensive lesions covering \> 2% but \< 5% of the fruit surface; 3 = extensive lesions covering \> 5% but \< 25% of the fruit surface, and 4 = extensive lesions covering \> 25% of the fruit surface. The DI was calculated using the following formula:
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Where *i* is the disease severity (0--4), and *n~i~* is the number of fruit with a severity of *i*. The DR was calculated using the following formula: DR (%) = 100 × (DI-*Bc* − DI-test)/DI-*Bc*. Where *Bc* is *B. cinerea*.

*In vitro* production of volatile organic compounds
---------------------------------------------------

A dual-culture method was used to assess the efficacy of volatile organic compounds (VOCs) produced by the antagonists in decreasing the growth of *B. cinerea* ([@b16-ppj-35-425]; [@b19-ppj-35-425]). Twenty-microliter aliquots of the bacterial suspensions (10^8^ cells/ml) were seeded on NA plates and incubated at 37°C for 24 h. Then, discs (5-mm circular plugs) of actively growing fungal mycelia of *B. cinerea* were placed at the center of Petri dishes with PDA. Each pathogen plate was covered with a plate containing a bacterial culture incubated for 24 h. Three plates were used for each antagonist, and unseeded PDA plates were used as the negative control. The two plates were superimposed with Parafilm around the edges to prevent the leakage of air and incubated at 25°C. The mycelial diameter was measured after 5 days, and the rate of inhibition of radial mycelial growth was calculated using the equation published by [@b15-ppj-35-425]. Three replicates were used for each treatment, and the experiment was repeated thrice. VOCs from the four antagonists were analyzed using solid-phase micro extraction--gas chromatography--mass spectrometry (SPME-GC-MS). For collecting the VOCs, the antagonists were inoculated in NA medium with 25 ml of headspace for 7 days at 28°C. The NA medium without the antagonistic bacteria was used as the control. DVB/CAR/PDMS fiber (Supelco, Inc., Bellafonte, PA, USA) was applied for headspace SPME of the VOCs at 55°C for 40 min. The SPME fiber was immediately inserted into the injection port of the gas chromatography--mass spectrometry (GC-MS; Agilent 7820A-5977E, Santa Clara, CA, USA) for thermal desorption at 250°C for 5 min with a DB-5MS column (30 m × 0.25 mm i.d. × 0.25 μm film thickness; Agilent J&W Scientific, Folsom, CA, USA). The initial oven temperature was 60°C for 2 min, and it was increased to 100°C at a rate of 10°C/min, then increased to 180°C at a rate of 5°C/min, and further increased to 240°C at a rate of 10°C/min and held for 5 min. The mass spectrometer was operated in the electron ionization mode (70 eV). The ion source, quadruple, and GC-MS interface temperatures were set at 230°C, 150°C, and 250°C, respectively. Mass spectrometry (MS) was performed in the full-scan mode with the m/z ranging from 50 to 400 for the analysis of VOCs. The mass spectra data of the volatile compounds were compared with those in the NIST/EPA/NIH Mass Spectrometry Library and Mainlib and/or Replib databases ([@b16-ppj-35-425]).

Detection of the *in vitro* activities of protease, chitinase, and cellulase of the antagonists
-----------------------------------------------------------------------------------------------

The protease activity of the antagonists, indicated by casein degradation, was measured by inoculation on skimmed milk agar with the cross-line method, and the width of each halo was measured as an indicator of the level of protease activity ([@b55-ppj-35-425]). The cellulase activity of the antagonists was determined by observing the widths of the clear zones on carboxymethyl cellulose (CMC) agar plates ([@b17-ppj-35-425]). The chitinase activity of the antagonists was determined by measuring the widths of the clear zones on chitin agar (CA) plates ([@b42-ppj-35-425]). To measure the activity of the metabolites secreted by the antagonists, four evenly spaced wells (7 mm in diameter) were formed 2.2 cm from the center of the plate by excision, and a 30-μl aliquot of the culture filtrate was added to each well.

Qualitative estimation of siderophore production
------------------------------------------------

The chrome azurol S (CAS) assay was performed to evaluate the effectiveness of the *Bacillus* antagonists in siderophore production ([@b27-ppj-35-425]; [@b46-ppj-35-425]). After 5 days at 28°C, the siderophore-producing isolates generated orange zones, and the diameter of the clear zone of these colonies was visually rated. Siderophore production in the culture filtrate was measured as described above.

Biofilm formation by the antagonists
------------------------------------

The antagonists were cultured in nutritive broth and shaken to midexponential growth; then, 10 μl of the cultured medium was transferred to 1 ml of minimal salts glycerol glutamate (MSgg) medium ([@b3-ppj-35-425]) in 24-well polyvinylchloride microtiter plates (Thermo Fisher Scientific, Waltham, MA, USA) and incubated under stationary conditions at 37°C for 4 days ([@b11-ppj-35-425]).

Colonization of the wound sites by the antagonists
--------------------------------------------------

The ability of the antagonists to colonize the wounds on the grape, strawberry, and tomato fruit was tested using previously described and partially modified procedures ([@b6-ppj-35-425]; [@b37-ppj-35-425]). A sterile needle was used to make artificial wounds (4 wounds/fruit) on superficially sanitized fruit, and 10 μl aliquots of the bacterial suspensions (1 × 10^6^ cells/ml) were individually inoculated into the wounds; the fruit were incubated for 5 days under the conditions mentioned previously (6 fruit/box). Tissue samples containing the whole wound were cut using a sterile knife after inoculation for 0, 24, 48, 72, 96, and 120 h. The samples were weighed, crushed with a sterilized mortar and pestle, serially diluted, and plated on NA. The bacterial colonies were counted after overnight culture at 37°C to calculate the mean colony forming units (log~10~ cfu) on the basis of fresh weight. Three replicates of each fruit type were used per treatment (6 fruit per treatment), and the experiment was repeated twice.

Identification of lipopeptides produced by the antagonists
----------------------------------------------------------

The methanol extracts of the culture filtrates of the four antagonistic bacteria were analyzed using the 5800 matrix-assisted laser desorption ionization--time-of-flight (MALDI-TOF) mass spectrometer (AB SCIEX, Redwood, CA, USA) operated in the positive reflectron mode; α-cyano-4-hydroxycinnamic acid was used as the matrix (prepared by dissolving 5 mg in 1 ml of 50:50 acetonitrile: water containing 0.1% trifluoroacetic acid) ([@b50-ppj-35-425]).

Identification of the antagonist isolates
-----------------------------------------

Genomes extracted from the antagonists isolates were analyzed for the 16S rRNA gene sequence by using universal primers, 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1495R (5′-CTACGGCTACCTTGTTACGA-3′), that amplified a 1,400-bp region of the 16S rRNA gene. Phylogenetic analysis was conducted using maximum likelihood in MEGA 5.10 ([@b49-ppj-35-425]). The topology of the phylogenetic tree was evaluated by 1,000 resamplings.

Statistical analysis
--------------------

The data from the replicates were expressed as mean ± SD values. SPSS version 17.0 software package (SPSS Inc., Chicago, IL, USA) was used to perform the calculations and comparisons of the treatment means for each experiment. Duncan's test (*P* ≤ 0.05) and one-way analysis of variance were used to determine whether the means differed significantly.

Results
=======

Activity of the antagonists and their culture filtrates and extracts in controlling the gray mold on the postharvest fruit
--------------------------------------------------------------------------------------------------------------------------

The four isolates, RS-25, MG-4, Z-14, and Pnf-4, and their culture filtrates all demonstrated significant antifungal activities against *B. cinerea*. The culture filtrate of RS-25 demonstrated the strongest antifungal activity, whereas that of Pnf-4 was the weakest ([Fig. 1](#f1-ppj-35-425){ref-type="fig"}). The efficacies of RS-25, MG-4, Z-14, and Pnf-4 and their culture filtrates and extracts against the gray mold caused by *B. cinerea* on the postharvest tomato, strawberry, and grapefruit are reported in [Table 1](#t1-ppj-35-425){ref-type="table"} and [Fig. 2](#f2-ppj-35-425){ref-type="fig"}. Generally, Z-14, MG-4, and their culture filtrates and extracts were more active against *B. cinerea*. Pnf-4, RS-25, and their culture filtrates and extracts were relatively ineffective in reducing the DI of the strawberry fruit. The DR of *B. cinerea* was observed to be the highest (82.14) when the strawberry fruits were treated with the cells of Z-14, whereas the culture filtrate of RS-25 was the most ineffective and yielded the lowest DR value (55.08). The DR values of the tomato fruit treated with Z-14, RS-25, and the culture filtrate and extract of Z-14 were higher (82.62%, 80.46%, 79.25%, and 75.23%, respectively) than those of the tomato fruit treated with Pnf-4, MG-4, and the culture filtrate of RS-25 (68.65%, 67.65%, and 67.29%, respectively). The DR values of the tomato fruit treated with the culture filtrates of Pnf-4 and MG-4 were the lowest (55.27% and 54.03%, respectively). The DR values of the grapefruit treated with MG-4 and RS-25 and culture filtrates of Pnf-4, MG-4, and RS-25 were the highest (84.69%, 86.66%, 83.24%, 86.28%, and 86.81%, respectively), whereas the culture filtrate of Z-14 showed the lowest efficiency in controlling the gray mold (12.20%) on grapefruit.

Inhibitory effects of VOCs produced by the antagonists
------------------------------------------------------

The variable inhibition efficiency of the VOCs produced by RS-25, MG-4, Z-14, and Pnf-4 against the mycelial growth of *B. cinerea* is shown in [Fig. 3](#f3-ppj-35-425){ref-type="fig"}. The highest inhibition values were detected for Pnf-4 against *B. cinerea* (70.71 ± 3.94%), followed by RS-25 (62.57 ± 3.26%) and MG-4 (53.44 ± 2.71%). In contrast, the VOCs of Z-14 were the most ineffective in reducing the mycelial growth of *B. cinerea* (24.21 ± 1.85%). Based on the headspace SPME-GC-MS, 109 potential VOCs produced by RS-25, 93 VOCs by MG-4, 92 by Z-14, and 91 by Pnf-4 were identified. The main components of the VOCs were ketone, alcohol, aldehyde, olefin, ester, alkane, and phenol, and esters accounted for the highest percentage in the VOCs produced by RS-25, MG-4, Z-14, and Pnf-4 (36.80%, 29.58%, 30.78%, and 36.26%, respectively) ([Table 2](#t2-ppj-35-425){ref-type="table"}).

Enzyme activity and siderophore production assays
-------------------------------------------------

All the tested *Bacillus* strains and their culture filtrates were able to hydrolyze CMC, and they produced obvious clear zones in the CMC agar plates. The culture filtrate of Z-14 exhibited the strongest cellulase activity; the diameter of the clear zone was 3.4 cm, whereas those of RS-25, Pnf-4, and MG-4 were 2.4 cm, 2.3 cm, and 2.8 cm, respectively ([Fig. 4A and B](#f4-ppj-35-425){ref-type="fig"}). The four antagonists and their culture filtrates all exhibited potent protease activity, and the hydrolysis zones of RS-25, Z-14, and MG-4 were relatively bigger than that of Pnf-4; this is similar to the protease activity results of the culture filtrates of the antagonists ([Fig. 4C and D](#f4-ppj-35-425){ref-type="fig"}). The four antagonists and their culture filtrates did not produce clear zones in CA plates, which demonstrated they did not synthesize chitinase. These results are consistent with the findings of [@b41-ppj-35-425], who suggested that *Bacillus pumilus* JK-SX001 does not secrete chitinase but instead secretes protease and cellulase.

Biofilm formation and colonization of fruit
-------------------------------------------

All four antagonists exhibited the ability to form biofilms on the inert surface of liquid MSgg medium and evolved into whitish aerial structures that appeared to be dry and had a cotton-like texture ([Fig. 4G](#f4-ppj-35-425){ref-type="fig"}). The population dynamics of RS-25, MG-4, Z-14, and Pnf-4 strains on artificially wounded tomato, strawberry, and grapefruit are shown in [Fig. 5](#f5-ppj-35-425){ref-type="fig"}. The population trends of the antagonists in the wound tissue of tomato fruit, starting from a similar concentration (log~10~ cfu/g of tissue = 3.50), remained relatively stable for a period of 24 h; increased for MG-4, Z-14, and Pnf-4 and a few drops of RS-25 up to 72 h; and were similar (log~10~ cfu/g of tissue = 4.30) after 120 h of incubation ([Fig. 5A](#f5-ppj-35-425){ref-type="fig"}). The population trend of the antagonists in the wound tissue of strawberry fruit showed fluctuations to a certain extent during 120 h after inoculation; RS-25 showed the highest concentration (log~10~ cfu/g of tissue = 3.76), whereas MG-4 showed the lowest concentration (log~10~ cfu/g of tissue = 3.06) ([Fig. 5B](#f5-ppj-35-425){ref-type="fig"}). The population trend of the antagonists in the wound tissue of grapefruit, starting from similar concentrations, ranged from 3.11 (log~10~ cfu/g of tissue) for MG-4 to 3.37 (log~10~ cfu/g of tissue) for Pnf-4; growth appeared to be quite stationary up to 24 h, but it showed variations after that period. The population densities of Z-14 and Pnf-4 increased significantly (log~10~ cfu/g of tissue = 4.07 and 4.05, respectively), whereas the population density of MG-4 remained relatively stable (log~10~ cfu/g of tissue = 3.10) and that of RS-25 showed a notable decline (log~10~ cfu/g of tissue = 2.41) ([Fig. 5C](#f5-ppj-35-425){ref-type="fig"}). The results prove that the population densities of the four antagonists in the three types of fruit showed different colonization capacities. The colonization abilities of the antagonists were similar in the wounds of the tomato fruit but different in those of the strawberry and grapefruit. The colonization ability of RS-25 was the strongest in the wounds of the strawberry fruit, but weakest in those of the grapefruit.

Identification of lipopeptides produced by the antagonists
----------------------------------------------------------

MALDI-TOF mass spectrometry was used to analyze the lipopeptide antibiotics produced by the antagonists. The mass spectra of the crude extract from RS-25 revealed two major clusters with peaks at m/z 1,016.69--1,074.70 Da, which correspond to the isoforms of surfactin B, and peaks at m/z 1,433.88--1,529.88 Da, which correspond to the isoforms of fengycin ([Fig. 6A](#f6-ppj-35-425){ref-type="fig"}). The mass spectra of the crude extract from Pnf-4 revealed three major clusters with peaks at m/z 1,030.70--1,074.72 Da, which correspond to surfactin B, peaks at m/z 1,079.62--1,125.57 Da, which correspond to iturin A, and peaks at m/z 1,435.87--1,543.88 Da, which correspond to fengycin ([Fig. 6B](#f6-ppj-35-425){ref-type="fig"}). Surfactin B, iturin A, and fengycin were detected from Z-14 ([Fig. 6C](#f6-ppj-35-425){ref-type="fig"}), and iturin A and fengycin, from MG-4 ([Fig. 6D](#f6-ppj-35-425){ref-type="fig"}).

Identification of the antagonists
---------------------------------

When compared with the GenBank database, the 16S rRNA sequences of the strains were matched to those of *Bacillus* spp. The constructed unrooted phylogenetic tree revealed that antagonist Pnf-12 was most similar to *B. subtilis*, according to the alignment results. Antagonist RS-25 was identified as *Bacillus amyloliquefaciens*; MG-4, *Bacillus licheniformis*; and Z-14, *B. subtilis* ([Fig. 7](#f7-ppj-35-425){ref-type="fig"}).

Discussion
==========

Previous studies have shown that biological control, such as the application of antagonist microorganisms or their secondary metabolites, is a promising method for decreasing the decay of harvested fruit ([@b29-ppj-35-425]; [@b52-ppj-35-425]). Postharvest treatments with antagonist microorganisms such as *Bacillus* ([@b16-ppj-35-425]; [@b60-ppj-35-425]), *Clonostachys rosea* ([@b18-ppj-35-425]), and yeast strains ([@b37-ppj-35-425]) have been reported to suppress the development of *B. cinerea* and decay of harvested fruit.

In this study, the main biocontrol modes of action of the four *Bacillus* antagonists against the in vitro growth of *B. cinerea*, such as biofilm formation; competition for iron; and production of VOCs, cell-wall-degrading enzymes, and lipopeptide antibiotics, were evaluated on the basis of the mechanisms that play a significant role in the biocontrol activities of antagonistic bacteria. Secondary metabolites play key roles in the antifungal activities of antagonistic bacteria; however, the production of these antagonistic metabolites is greatly affected by the environment ([@b58-ppj-35-425]). The direct use of antimicrobial substances synthesized by microorganisms as the basis of microbial pesticides can overcome such limitations ([@b24-ppj-35-425]). Antifungal substances readily decompose and do not pollute the environment ([@b20-ppj-35-425]). No significant differences in biocontrol activities were observed between the antagonists and their culture filtrates against the gray mold on the strawberry fruit; however, the crude extract of Z-14 showed lower efficiency than the cells and culture filtrate. The biocontrol efficiency of Z-14, including that of its culture filtrate and extract, was the lowest of the four antagonists on the grapefruit, but the extract of Z-14 showed higher efficiency than the vegetable cells. The vegetable cells of the antagonists demonstrated higher biocontrol activities against the gray mold on the tomato fruit than their culture filtrates and extracts ([Table 1](#t1-ppj-35-425){ref-type="table"}, [Fig. 2](#f2-ppj-35-425){ref-type="fig"}). The different biocontrol activities of the antagonists in the three fruits showed that the effects of the antagonists were influenced by the host fruit.

There is limited information on the antifungal activities of VOCs from microorganisms. Naturally occurring VOCs of endophytic bacteria are regarded as sources of new antifungal agents that are safe for humans and the environment and do not have a harmful influence on the host plants ([@b16-ppj-35-425]). Microbial VOCs inhibit the growth of pathogenic fungi; improve plant growth ([@b36-ppj-35-425]); mediate relationships, interactions, and communications between organisms ([@b5-ppj-35-425]); identify bacterial species; and induce systemic resistance in plants ([@b56-ppj-35-425]). GC-MS has revealed that 29 unique VOCs produced by *Bacillus velezensis* ZSY-1 isolated from Chinese catalpa exhibit significant antifungal activity against plant pathogenic fungi ([@b16-ppj-35-425]). VOCs may act in both direct and indirect modes during the interaction between bacterial agents and fungal pathogens ([@b60-ppj-35-425]). The antifungal activity of the VOCs of Z-14 was the weakest of the four antagonists; however, Z-14 displayed the strongest biocontrol effect on the strawberry and tomato fruit. This may indicate that the production of VOCs is not the main mechanism exhibited by *Bacillus* strains against plant pathogenic fungi.

*Aureobasidium pullulans* (three strains) and *Wickerhamomyces anomalus* (four strains) have been tested for extracellular lytic enzyme activity, and all seven strains showed *β*-1,3-glucanase and protease activities but no chitinase activity ([@b37-ppj-35-425]). Physical damage of the hypha prevents its penetration into the host cell wall. Loss of turgidity and tearing of the pathogen hyphae may both be attributable to cellulase and protease activities. These metabolites may be involved in the control of phytopathogenic fungi through mycoparasitism, which is characterized by colonization of pathogen hyphae ([@b19-ppj-35-425]). RS-25, Z-14, and MG-4 grew on CAS agar; an orange halo was formed around the colonies, except those of Pnf-4; this is consistent with the results of the culture filtrates of these antagonists ([Fig. 3E and F](#f3-ppj-35-425){ref-type="fig"}). Generally, siderophores are produced by microorganisms to bind Fe^3+^ from the environment, transport it to the microbial cell, and make it available for growth ([@b28-ppj-35-425]). Therefore, competition for iron may also be a possible mechanism for controlling phytopathogens ([@b54-ppj-35-425]).

Generally, biofilm formation is regarded as a major mechanism of antagonists against plant pathogenic fungi, as biofilms act as physical and chemical barriers ([@b10-ppj-35-425]; [@b11-ppj-35-425]). [@b22-ppj-35-425] showed that *Paenibacillus polymyxa* strains produced biofilms to control the crown root rot disease, which is caused by *Aspergillus niger*. A previous study has shown that *W. anomalus* and *Metschnikowia pulcherrima* strains were able to adhere to polystyrene plates and maintain a high film-forming capacity after 48 h and 72 h of incubation, even after repeated washes ([@b37-ppj-35-425]).

The presence of a high number of antagonists in the wounded tissues would protect the plants or fruit from pathogens because tissue colonization by biocontrol agents is critical for the effective control of phytopathogens ([@b57-ppj-35-425]). The antagonists can successfully compete with the phytopathogens for the niches and nutrients, such as organic compounds, that are essential for the reactivation of propagules and/or subsequent proliferation and colonization of tissues ([@b4-ppj-35-425]). The colonization capacities of antagonists in tissues may have a key role in disease suppression, even if competition or antibiosis occurs between the antagonists and pathogens ([@b23-ppj-35-425]). The four antagonists showed similar colonization abilities but different biocontrol effects against the gray mold in the tomato fruit, which indicates that secondary metabolites may play a major role in the control activity ([Table 1](#t1-ppj-35-425){ref-type="table"}, [Figs. 2](#f2-ppj-35-425){ref-type="fig"} and [5A](#f5-ppj-35-425){ref-type="fig"}). The colonization abilities and control activities of the antagonists did not have a direct correlation in the strawberry and grapefruit. RS-25 displayed the strongest colonization ability and lowest biocontrol effect in the strawberry fruit ([Table 1](#t1-ppj-35-425){ref-type="table"}, [Figs. 2](#f2-ppj-35-425){ref-type="fig"} and [5B](#f5-ppj-35-425){ref-type="fig"}), but the strongest biocontrol effect and lowest colonization ability in the grapefruit ([Table 1](#t1-ppj-35-425){ref-type="table"}, [Figs. 2](#f2-ppj-35-425){ref-type="fig"} and [5C](#f5-ppj-35-425){ref-type="fig"}).

Lipopeptide antibiotics, such as iturins, fengycins, and surfactins, are an important class of antifungal substances synthesized by *Bacillus* ([@b32-ppj-35-425]). Lipopeptide antibiotics have direct or indirect inhibitory effects on fungal plant pathogens, but they are not toxic to the plant itself ([@b34-ppj-35-425]; [@b59-ppj-35-425]). MALDI-TOF mass spectrometry can be easily and conveniently used for component identification ([@b44-ppj-35-425]; [@b53-ppj-35-425]). This study showed that MALDI-TOF mass spectrometry could become a new, sensitive, and rapid technique for detecting metabolites. MALDI-TOF mass spectrometry has been used to show that *B. amyloliquefaciens* FZB42 promotes plant growth, suppresses plant pathogenic organisms in the rhizosphere of plants, and synthetizes and excretes bacillomycin D, fengycin, and surfactin ([@b26-ppj-35-425]). Three types of lipopeptides, surfactin A, iturin A, and fengycin, produced by *B. subtilis* CMB32 isolated from the soil by [@b25-ppj-35-425] have been reported for their potential to control the anthracnose disease caused by *Colletotrichum gloeosporioides*. Lipopeptide antibiotics are relatively stable in nature and resistant to acids and bases, which ensure that the lipopeptide antibiotics can exert antagonistic effects over a long period ([@b13-ppj-35-425]; [@b21-ppj-35-425]). Iturins and fengycins exhibit a wide range of strong inhibitory activities against fungal plant pathogens. [@b43-ppj-35-425] concluded that the iturin and fengycin families of lipopeptides have a major role in the antagonism of *B. subtilis* towards *Podosphaera fusca*, which is the main causal agent of cucurbit powdery mildew in Spain. Fengycin-type lipopeptides produced by *B. subtilis* NCD-2 were the main antifungal compounds that restricted the population of *Rhizoctonia solani* in the cotton rhizosphere and suppressed cotton damping-off disease ([@b21-ppj-35-425]).

In summary, the cells of Z-14, culture filtrate of RS-25, and cells of Z-14 showed the strongest biocontrol activity against the gray mold on the postharvest strawberry, grape, and tomato fruit, respectively. Biofilm formation; strong colonization ability in fruit tissues; and subsequent production of VOCs, cellulase and protease, siderophores, and lipopeptide antibiotics may be the main modes of action of the antagonist bacteria against *B. cinerea* on the postharvest fruit. This study provides theoretical support and material basis for developing agents against the gray mold caused by *B. cinerea* on postharvest fruit.
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![Antifungal activities of the antagonists (A) and their cultural filtrates (B) against *Botrytis cinerea*.](ppj-35-425f1){#f1-ppj-35-425}

![Efficacy of the vegetable cells, culture filtrates, and crude extracts of the antagonists in controlling the gray mold caused by *Botrytis cinerea* on postharvest fruit (strawberry, tomato, and grape). VC, vegetable cells; CF, culture filtrate; CE, crude extract.](ppj-35-425f2){#f2-ppj-35-425}

![Evaluation of the efficacy of volatile organic compounds produced by the antagonists in reducing the growth of *Botrytis cinerea*.](ppj-35-425f3){#f3-ppj-35-425}

![Detection of the *in vitro* activities of cellulase, protease, and chitinase; siderophore production; and biofilm formation by the antagonists and their culture filtrates. (A, C) The *in vitro* activities of cellulase and protease of the antagonists. (B, D) The *in vitro* activities of cellulase and protease of the culture filtrate. (E, G) Siderophore production and biofilm formation by the antagonists, respectively. (F) Siderophore production by the culture filtrate; 1--4 represent antagonists RS-25, Pnf-4, Z-14, and MG-4, respectively.](ppj-35-425f4){#f4-ppj-35-425}

![Population dynamics of the antagonists RS-25, Pnf-4, Z-14, and MG-4 in the wound tissue of tomato fruit (A), strawberry fruit (B), and grapefruit (C). Vertical bars indicate the standard error of the mean. cfu, colony forming unit.](ppj-35-425f5){#f5-ppj-35-425}

![Mass spectroscopy analysis of the lipopeptides produced by the antagonists.](ppj-35-425f6){#f6-ppj-35-425}

![Unrooted phylogenetic tree based on the 16*S* rRNA sequences of the antagonists.](ppj-35-425f7){#f7-ppj-35-425}

###### 

Efficacy of the vegetable cells, culture filtrates, and crude extracts of the four antagonists in controlling the gray mold caused by *Botrytis cinerea* on strawberry, grape, and tomato fruit in a greenhouse

  Treatment                   Strawberry        Grape   Tomato                                       
  --------------------------- ----------------- ------- ----------------- ------- ------------------ -------
  Pathogen control            67.03 ± 4.75 a    --      70.18 ± 5.77 a    --      62.13 ± 4.61 a     --
  Vegetable cell of Z-14      11.97 ± 1.47 d    82.14   40.40 ± 6.70 d    42.43   10.80 ± 2.57 f     82.62
  Culture filtrate of Z-14    14.03 ± 1.43 d    79.07   61.62 ± 4.85 b    12.20   12.89 ± 3.35 ef    79.25
  Crude extract of Z-14       19.47 ± 1.90 c    70.95   52.31 ± 4.43 c    25.46   15.39 ± 3.01 def   75.23
  Vegetable cell of Pnf-4     25.19 ± 2.92 b    62.42   21.09 ± 5.52 e    69.95   19.48 ± 3.08 cde   68.65
  Culture filtrate of Pnf-4   26.71 ± 2.53 b    60.15   11.76 ± 3.13 f    83.24   27.79 ± 4.47 b     55.27
  Crude extract of Pnf-4      27.75 ± 1.73 b    58.60   19.69 ± 3.81 e    71.94   25.25 ± 2.58 bc    59.36
  Vegetable cell of MG-4      15.42 ± 3.13 cd   77.00   10.75 ± 3.11 f    84.69   20.10 ± 4.36 cd    67.65
  Culture filtrate of MG-4    13.75 ± 2.61 d    79.49   9.63 ± 2.93 f     86.28   28.56 ± 4.32 b     54.03
  Crude extract of MG-4       19.42 ± 1.95 c    71.03   14.58 ± 2.94 ef   79.22   25.94 ± 4.04 bc    58.25
  Vegetable cell of RS-25     26.41 ± 1.61 b    60.60   9.36 ± 2.87 f     86.66   12.14 ± 3.58 f     80.46
  Culture filtrate of RS-25   30.11 ± 3.46 b    55.08   9.26 ± 2.38 f     86.81   20.32 ± 4.94 cd    67.29
  Crude extract of RS-25      29.15 ± 3.55 b    56.51   17.06 ± 2.08 ef   75.69   24.78 ± 4.39 bc    60.12

Values are mean ± SD of three replicates per treatment (5 fruit each). As determined by Fisher's protected least significant difference test, the means within a column followed by different letters are significantly different from each other at *P* = 0.05.

DI, disease index; DR, disease reduction.

###### 

Volatile organic compounds (VOCs) produced by the antagonists

  Possible VOCs   RS-25   MG-4    Z-14   Pnf-4                     
  --------------- ------- ------- ------ ------- ---- ------- ---- -------
  Ketone          35      15.08   21     8.75    12   3.23    19   5.27
  Alcohol         5       5.97    11     2.88    18   8.33    5    0.95
  Aldehyde        5       7.02    8      1.12    6    5.37    1    0.94
  Olefin          5       1.41    3      0.50    4    0.44    3    0.09
  Ester           18      36.80   22     29.58   19   30.78   29   36.26
  Alkane          30      29.71   17     4.32    16   8.86    30   16.24
  Phenol          2       4.41    3      5.57    1    3.20    1    0.26
  Others          9       14.22   8      2.47    16   4.94    3    0.08
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